Abstract. Since ice deforms mainly by dislocation glide on the basal planes, very strong incompatibilities exist between the grains of a polycrystal. Specially designed two-dimensional compression creep tests on different types of ice multicrystals embedded in a matrix of fine-grained isotropic ice allow to observe the strain heterogeneities which arise during the deformation of polycrystalline ice, and which ace the consequence of inter-granular strain incompatibilities. The main features observed were bending and kink bands initiated at triple junctions or at geometric defects of the grain boundaries. These bands developed perpendicularly to the observed basal slip lines and provided additional degrees of freedom for the accommodation of intergranular deformation. Mechanisms related to dislocations motion and dynamic recrystallization are proposed for the initiation and for possible development of the observed localization features.
INTRODUCTION
As other polycrystalline materials, polar ice develops a strain induced lattice preferred orientation, which leads to a macroscopically anisotropic behaviour [l, 21 . The evolution of the crystallographic texture and of the related anisotropy of polar ice is a major feature which must be taken into account in the flow simulations of ice sheets used for deep ice-core data interpretation and for ice sheet evolution prediction under changing environmental conditions. Since laboratory tests under the special conditions prevailing in ice sheets, that is typical strain-rates in the order of 10-l2 S-', cannot be used in a systematic way, micro-macro models for the mechanical behaviour of polycrystalline polar ice are currently developed. As a consequence the ice grain behaviour needs to be understood and modelled properly.
The ice single crystal exhibits hexagonal symmetry (wurtzite type) and its viscoplastic properties are governed by the glide of dislocations in the basal plane [3] . The stress required to reach a given effective strain-rate is at least 60 times less in the basal plane than in a non-basal plane [4]. This exceptionally strong viscoplastic anisotropy induces large strain incompatibilities between the grains in deforming polycrystalline ice, as well as intragranular strain heterogeneities. The result is that the behaviour of an isolated single crystal is quite different from that of a grain in a polycrystal, and involves particularly strain localization. Strain heterogeneities were observed by many authors in polycrystalline glacier ice [5- 101 as well as in laboratory grown S1-columnar ice with oaxes parallel to the column axes [ll] .
In order to improve our understanding of the mechanisms responsible for strain localization inside the grains, creep tests were carried out on specimens of laboratory grown ice, specially designed to observe the occurrence of strain heterogeneities.
EXPERIMENTS
Creep experiments on laboratory-made multicrystals were performed in a cold room maintained at a temperature of -1 0 2~ O.l0C. To avoid strain localization caused by applying the load directly on the multicrystal boundaries, each multicrystal was embedded in a fine-grained ice matrix which could be considered as macroscopically isotropic. Doing so, the stress concentrations a t the ice-platens interface were removed far away from the multicrystal. Therefore the strain heterogeneities obsewed during a test were due solely to the interactions between the grains of the multicrystal, and between the multicrystal and the surrounding ice matrix. On the other hand, the estimate of the local stress field, necessary to assess the model for grain behaviour, was obtained through numerical simulations of the experiments [12].
Ice specimens
The overall shape of the specimens was that of a thick plate, 210 mm high, 140 mm wide and 8 mm thick. Each plate was made of a multicrystal of ice surrounded by a fine-grained ice matrix (see Fig. 1 ). Each multicrystal of ice was grown such that the c-axes of its grains lay in the plane of the plate (plane {2,3) in Fig. 1 ) Different configurations of the multicrystal were tested to study the influence of the size, of the crystallographic orientation, and of the geometry of its grains, on the mechanisms of deformation. To make the observations easier, each multicrystal was made of a large disk-shaped single crystal, about 30 mm in diameter, referred to as "the inclusion" in the following, which was surrounded by ice grains of different sizes and orientations (see Fig. 2 ).
The multicrystals were prepared by pressing the edges of previously machined single crystals, wetted with water at O°C, against the inclusion boundary. Then the specimens were made by sticking the multicrystal on a metallic tray and by filing the surroundings with a mixture of small ice grains and water at O°C. After freezing, the specimens were milled to their final dimensions.
The grain size of the matrix (less than l mm) was much smaller than the specimen thickness and the grain orientation in the matrix was at random, so that the matrix could be considered as macroscopically isotropic (at the scale of the multicrystal grain size). Owing to the relatively small grain-size of the matrix, 8 to 10 grains of the matrix were in contact with the edges of the multicrystals.
Apparatus
The testing device consisted mainly of a rigid frame supporting the loading cell and the observation device shown in Figure 1 . The ice specimen (1) was placed vertically between two plates of glass (2) . Its lower edge rested on a fixed metallic beam (3), and it was submitted to a constant compressive stress (in the order of 0,5 MPa) by means of a moving metallic blade (4) on its upper edge. Sliding was allowed on the upper and lower edges by coating the upper and lower beams (3) and (4) with silicon oil. Since the duration of the tests was rather long (up to 45 days), the lateral vertical edges of the specimen were carefully protected from the cold-room atmosphere with silicon grease in order to avoid sublimation. The displacement of the loading blade (4) was measured with an accuracy of 1 to 5 pm depending on the equipment used. The observation of the phenomena occurring during the deformation was done by using two crossed polarizers placed each side of the specimen, with a b a d lightening (5) . Photographs of the central part of the ice sample were taken at regular time intervals during the test (6), allowing to follow the evolution of the shape and of the lattice orientation of the multicrystal grains, as well as strain localization.
Owing to the geometry and the crystallographic structure of the specimens (oaxes of the grains of the multicrystal lying in the plane of the specimen, macroscopically isotropic matrix), to the configuration of loading in the plane of the specimen, and to the confinement of the two larger faces of the specimen by the glass plates which ensure the plane strain condition, the creep flow of the ice specimen could be considered as two-dimensional. More precisely, a homogeneous incompressible specimen would be submitted to the state of stress expressed in the reference frame shown in Figure 1 by a/2 0 0
where a is the applied compressive stress along the $3 axis.
OBSERVATIONS
From the beginning of loading, basal slip bands appeared across the inclusion as an alternation of well definite coloured stripes parallel to the direction of the basal planes, about I mm wide. In the same time, blurred bands appeared perpendicular to the direction of the basal plane, with a colour different from that of the inclusion (see Fig. 2 (c)). They were approximately 2 to 5mm wide, less numerous and much less marked than the slip bands. After a certain amount of deformation (about 1% total strain) the coloured slip bands tended to transform into well-defined dark slip lines. Initially circular monocrystalline inclusions embedded in a fine-grained matrix exhibited a homogeneous distribution of the activated basal planes, with a slip lines spacing between 0.1 and 1 mm in the same specimen (see Fig.2(b) ). They did not show any glide system apart from basal, nor any sign of strain localization (even for an inclusion well-oriented for basal glide, i.e. with its basal plane at 45" from the compression axis, deformed up to 50%). During the tests the shape of the inclusions evolved towards an ellipse which corresponds to a uniform strain field condition, and the basal planes rotated towards the direction perpendicular to the compression axis (see Fig. 2(b) ). The long axis of the inclusion rotated in the same direction as the basal planes but not at the same rate. The blurred bands, formed perpendicular to the basal planes, disappeared with increasing strain, except for one or two which remained stable in the far ends of the inclusions without transforming into lines of localization.
Deformation of multicrystals was no longer homogeneous and different kinds of strain localization phenomena were observed inside the grains (see Fig. 2 (c) to 2(f)). Some of the blurred bands evolved to transform into well developed localization features, whereas some other disappeared. The two main localization phenomena observed in the multicrystals were kink bands ( Fig. 3(a) ) and bending bands ( Fig. 3(b) ), accompanied by recrystallization.
The kink bands formed initially perpendicular to the direction of the basal plane. Each band delimited two areas of the crystal with the same basal plane orientations. Inside the kink band, about 0.5 to l mm wide, the basal planes remained parallel to each other, but at high angle from the adjacent areas, up to 6 0 ' for a total strain of 10% (see Fig. 3(a) ). These kink bands acted as shear bands,
providing an additional degree of freedom for the deformation of the inclusion. During the tests, the kink bands and the basal planes rotated in opposite directions, so that the kink bands did not remain perpendicular to the basal planes, but rather seemed to remain symmetric to the trace of the basal planes with respect to the direction of compression. When the basal planes deviation from the compression axis increased, other kink bands formed perpendicular to the basal planes, becoming more and more marked until the test was stopped.
Contrary to the circular monocrystalline inclusions in a fine-grained matrix, which did not show any strain heterogeneity at large strains, a monocrystalline inclusion surrounded by a crown of medium-sized grains, as shown in Fig. 2(c) , exhibited very quickly a severe kinking initiated at triple junctions on its boundary (see Fig. 2fd) ). The localization process associated to kinking did not seem to be dependent on the crystallographic orientations of the surrounding grains : although the crown grains were randomly oriented, a kink band was initiated at each triple junction. Observation ' of other types of specimens, e.g. clusters of hexagonal grains, confirmed that kinking was always initiated in the inclusion from a triple junction with a neighbouring grain, or from a geometric defect of the boundary (such as a geometric discontinuity). The stress concentrations provoked by these singularities were probably large enough to induce the formation of this kind of strain localization.
Bending
Bending bands were characterized by a progressive change of the crystallographic orientation of the lattice from one side of the band to the other, corresponding to progressive bending of the basal planes over a relatively wide area. The curvature of the basal planes suggested that the inclusion was submitted locally to a flexural torque normal to the plane of the specimen. These bands delimited two regions of the inclusion with different crystallographic orientations, so that they could be considered as thick walls of dislocations associated to crystal polygonization. Some specimens exhibited wide bending areas, delimited either by two narrower and almost parallel kink bands crossing through the inclusion, or by well marked sub-boundaries (see Fig. 2(d) ). For the deformed specimen shown in Figure 2(d) the variation in the orientation of the basal planes from side to side of the bending area was about 15". More pronounced misorientations were observed in multicrystals made of a juxtaposition of seven hexagonal grains. For the cluster shown in Fig. 2(f) , the change of the lattice orientation was continuous, however within a small distance leading to a relatively small radius of curvature of the basal planes (about 3.8mm for a misorientation of 35" from side to side of the bending band).
Other evidences of bending of the basal planes were observed a t the grain boundaries between the inclusions and the surrounding grains (see Fig. 3(b) ). This type of accommodation mechanism was likely to occur at all grain boundaries, but was clearly visible only in the largest crystals. Indication of the evolution of the progressive change of orientation towards polygonization can be seen in Fig. 3(b) , where the thin lines perpendicular to the dark basal slip lines look like sub-boundaries.
Recrystallization
During the tests dynamic (migration) recrystallization was visible in the fine-grained matrix, close to the multicrystal boundary. This form of strain accommodation was a consequence of the discontinuous conditions at the interface with the fine-grained matrix, leading to an increase in the stored energy near the boundary and then allowing the nucleation of new grains. Dynamic recrystallization was observed also in the bulk of the matrix from the beginning of the tests. After a large amount of deformation only a minority of the initial grains was still recognizable (see Figures 2(e) and 2(f)). The multicrystal shown in Fig. 2(c) , made of a monocrystalline inclusion surrounded by a crown of medium-sized grains, also exhibited recrystallization of the outer grains after a deformation of 12%. Only a few tiny crystals were observed as an evidence of recrystallization in the central inclusion at its boundary, and for a very few specimens.
Therefore, the size of the grains surrounding the multicrystal seemed to influence the recrystallization rate, this rate being slower the larger the grains.
DISCUSSION
The phenomena of localization are strongly related with the dynamics of dislocations inside the grains. The behaviour of dislocations in ice is relatively well documented for small amounts of deformation, typically lower than 0.001 for X-ray topography [3, [13] [14] [15] , i.e. before the occurrence of strain localization. Beyond this level, the total density of dislocations is too large to allow usable observations with the methods available for ice. In other hexagonal materials such as zinc, strain localization was also observed in isolated single crystals [16] , but the deformation of polycrystals generally involves the activation of more than one single slip system, these materials being much less anisotropic than ice. Furthermore, twining, a mechanism never observed in ice, occurred frequently.
Kinking is a mode of deformation which occurs widely in hexagonal crystals. Following [16], kink formation can be explained by the rearrangement into dislocation walls (kink band boundaries or kink walls) of a rapid supply of dislocations in the basal planes when dislocation climb is difficult. This explanation seems quite appropriate for ice since only basal glide is effectively active (i.e. generates a significant amount of macroscopic deformation), and climbing has never been observed during the deformation of single or poly-crystals of ice [3, 14, 17, 181. Bending bands are another mode of accommodation of strain gradients by geometrically necessary dislocations. The excess of dislocations of one sign rearranges into walls, leading ultimately to polygonization of the considered area. Rotation and bending of the basal planes during creep of polycrystalline ice were observed by [7] and 191.
The strain localization features observed in our experiments can be explained by the fact that only dislocation glide in the basal plane contributes to the deformation [3, 191. The lattice dislocations generated at the grain boundary [20] move under the resolved shear stress parallel to the basal plane. Dislocations of the same sign move in a direction which depends on the sign of the resolved shear stress, whereas under the same resolved shear stress dislocations of opposite signs move in opposite directions (see Fig. 4 ). Since ice possesses a single glide system, the dislocation walls should be formed by the succession of intersecting points with the basal planes where the basal shear stress is zero, that is where the basal dislocations are stopped. The stress concentrations provoked by triple junctions or geometric singularities of a grain boundary act as dislocation sources, the complex local state of stress inducing a local accumulation of dislocations along the lines of zero basal shear stress.
Blurred bands observed by [g] in polycrystalline ice were always preceded by slip on the basal planes. According to [g] they were unstable, able to change in shape and orientation and to disappear because of grain growth processes. Our observations suggest that the occurrence of these bands is closely related to stress concentrations at the matrix-multicrystal interface. This is particularly visible on specimens with a circular monocrystalline inclusion surrounded by a crown of mediumsized grains, for which the depth of the grain boundary between the inclusion and the adjacent grains was equal to the thickness of the specimen. Since the size of the grains at the multicrystal boundary was found to influence the recrystallization rate, the disappearance of the blurred bands observed on specimens with a monocrystalline inclusion could be explained by recrystallization of the small grains of the matrix adjacent to the inclusion. The consequent relaxation of stress concentrations, followed by a decrease of the dislocation density in the band owing to its widening by migration of its boundaries would induce a decrease of its internal misorientation. This is supported by the absence of stable shear bands in specimens with a monocrystalline inclusion and by the fact that the stable shear bands observed in the other types of specimens were associated with grains located at the inclusion boundary which were not well oriented to deform by basal glide and did not show any tendency to recrystallize .
CONCLUSION
The two-dimensional compressive creep tests carried out on different types of ice specimens made of a multicrystal of ice embedded in a fine-grained isotropic ice matrix allowed us to observe phenomena which can lead to strain localization in a polycrystal of ice.
For initially circular monocrystalline inclusions, the deformation in the inclusion did not exhibit any other strain localization than that associated with basal glide (i.e. slip lines). The deformation at the inclusion scale was then very homogeneous and has been reproduced very well by finite-element simulations based on a simple model for the ice grain behaviour [12]. For multicrystals made of a rnonocrystalline inclusion surrounded by grains of intermediate size, or for clusters of hexagonal grains, strain heterogeneity took place into the inclusion, even when it was "well-oriented" for basal glide (i.e. at 45" form the compression axis). Blurred bands, formed progressively perpendicular to the basal planes and crossing through the inclusion from side to side, were observed with all the types of specimens tested. Some of these bands disappeared while other evolved into kink bands or into large bending bands which provided additional degrees of freedom for the deformation. These localization features, initiated at triple junctions at the inclusion boundary, were observed only on specimens exhibiting marked geometric singularities (i.e. all specimens except those with a rnonocrystalline inclusion in a fine-grained matrix). Grain size was found to influence the recrystallization rate (as a decreasing function of grain size), and consequently strain localization inside the inclusion depended on the size of its surrounding grains. The appearance and disappearance of the blurred bands was interpreted as the result of the competition between the initiation of localization by stress concentrations and their relaxation by dynamic recrystallization of the smaller grains reducing the strain incompatibilities at triple junctions.
Further work is needed to model the deformation of ice multicrystals in order to assess the ability of previous finite-element simulations of initially circular monocrystalline inclusions [l21 to describe grain to grain interactions in deforming polycrystalline ice.
